
o 

LAW OFFICES 

SUGHRUE, MlON, ZlNN t MACPEAK & SEAS, PLLC j 

2100 PENNSYLVANIA AVENUE, N.W. £S | 

WASHINGTON, D.C. 2003 7-3202 <*> \ M 

TELEPHONE (202) 293-7060 
FACSIMILE (202) 293-7860 



SL CAMINO REAL 
-TCIENLO PARK, CA 94025 
TELEPHONE (650) 325-5800 
FACSIMILE (650) 325-6606 

BOX: PATENT APPLICATION 

Assistant Commissioner for Patents 
Washington, D.C. 20231 



JAPAN OFFICE 



May 18, 1999 



TOEI NISHI SHIMBASHI BLDG. 4F 
13-5 NISHI SHIMBASHI 1-CHOME 
MINATO-tvU, TOKYO 105, JAPAN 
TELEPHONE (03) 3503-3760 
FACSIMILE (03) 3503-3756 



Re: Application of Kaname MIWA, Katsuhiko HORI1 and Hideaki YAGI 
SENSOR ELEMENT AND GAS SENSOR 
Our Reference: Q54404 



Dear Sir: 



Attached hereto is the application identified above including the specification, claims and twelve (12) 
sheets of drawings. The requisite U.S. Government Filing Fee, executed Declaration and Power of Attorney and 
Assignment will be submitted at a later date. 

The Government filing fee is calculated as follows: 

Total Claims 
Independent Claims 
Base Filing Fee 
Multiple Dep. Claim Fee 
TOTAL FILING FEE 



15- 20 = 
4- 3 = 
($760.00) 
($260.00) 



Ox $18 = 
1 x $78 = 



$ 000.00 
$ 78.00 
$ 760.00 
$ 000.00 
$ 838.00 



Priority is claimed from: 



Japanese Patent Application Filing Date 

Hei 10-153612 May 18, 1998 

The priority document will be submitted at a later date. 



Respectfully submitted, 
SUGHRUE, MiON, ZINN, MACPEAK & SEAS 
Attorneys for Applicant(s) y 



Waddeil 
Reg. No. 24, 



A. Biggart/ /// 
.861/ C 



WABrtnj 



t 



SENSOR ELEMENT AND GAS SENSOR 

FIELD OF THE INVENTION 

4 The present invention relates to a gas sensor for 

sensing gas, such as oxygen (0 2 ) , carbon dioxide (C0 2 ) , 
carbon monoxide (CO), water (H 2 0) , hydrocarbon (e.g. CH 4/ 
C 2 H 6/ or C 3 H 8 ) , nitrogen oxide (NOx) , or sulfur oxide (SOx) , 

8 and more particularly to a flat limiting-current-type sensor 
and an oxygen-containing gas component sensor in which 
negative and positive electrodes are disposed on the same 
side of a solid electrolyte substrate, and the concentration 
12 of a particular gas contained in a gas to be measured 
(hereinafter referred to as "measurement gas") is determined 
through restriction of gas diffusion to the negative 
electrode. 

16 BACKGROUND OF THE INVENTION 

FIG. 12 A shows a sectional view of an oxygen sensor for 
determining the oxygen concentration of a measurement gas. A 
pai3^ of electrodes 132 and 134 formed from, for example, 

20 porous platinum and having the form of a thick or thin film 
are formed on opposite sides of an oxygen-ion conductive 
solid electrolyte substrate 122. A voltage is applied 
between the electrodes 132 and 13 4 and a resultant current is 

24 measured in order to determine an oxygen concentration. 
According to the configuration of FIG. 12A, a housing 12 4 
having a small oxygen diffusion hole 234C formed therein 
covers the negative electrode 13 4 so as to limit diffusion of 

28 oxygen through the oxygen diffusion hole 234C, so that a 
value of current proportional to oxygen concentration is 
obtained. Such an oxygen sensor must be provided with a 



heater for heating a solid electrolyte substrate to a 
temperature of about 400°C to 900°C in order to activate the 
solid electrolyte substrate. However, since the opposite 
4 sides of the solid electrolyte substrate bear respective 
electrodes, attachment of the heater to the oxygen sensor is 
difficult. 

To solve the above problem, a flat limiting-current - 
8 type sensor as shown in FIG. 12B is used. As shown in 
FIG. 12B, a negative electrode 13 4 and a positive 
electrode 132 are disposed on the same side of the solid 
electrolyte substrate 122. Since the electrodes 132 and 134 

12 are disposed on the same side of the solid electrolyte 
substrate 12 2, the flat limiting-current-type sensor has an 
advantage in that a heater can be readily disposed on the 
other side of the solid electrolyte substrate 12 2. The 

is configuration of the flat limiting-current- type sensor is 
described in detail in Japanese Patent Application Laid-open 
(kokai) No. 2-147853 which corresponds to USP 5,348,630 filed 
by the present applicants. 

20 FIG. 12 C shows the flat limiting-current- type sensor of 

FIG. 12B as viewed in the direction of arrow C of FIG. 12B, 
i.e., FIG. 12C shows a side view of the flat limiting- 
current- type sensor. Since the negative electrode 134 and 

24 the positive electrode 132 are disposed on the same side of 
the solid electrolyte substrate 122, the area of the negative 
electrode 13 4 (positive electrode 13 2) is subsequently half 
that in the case of the limiting-current-type sensor of 

28 FIG. 12A. Accordingly, the flat limiting-current-type sensor 
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of FIG . 12B has a problem in that an element resistance 
becomes higher and that measurement accuracy becomes poorer, 
as compared to the sensor of FIG. 12 A. 
4 In view of the foregoing, an object of the present 

invention is to provide a flat limiting-current-type sensor 
having an improved measurement accuracy for a given device 
size. 

8 The present inventors realized that, in a sensor 

element, a negative electrode and a positive electrode might 
not operate in a similar manner. The flat limiting-current- 
type sensor repeats an oxygen-related pumping cycle. 

12 Specifically, oxygen is pumped into a solid electrolyte 
substrate in the form of ions at the interface between the 
solid electrolyte substrate and the porous negative 
electrode. The pumped-in oxygen ions are transmitted through 

16 the solid electrolyte substrate. Then, the transmitted 
oxygen ions are pumped out in the form of oxygen at the 
interface between the solid electrolyte substrate and the 
porous positive electrode. The present inventors assumed 

20 that there might be a difference between the readiness of 
reaction for pumping in oxygen in the form of ions and the 
readiness of reaction for pumping out oxygen ions in the form 
of oxygen. Specifically, according to assumption of the 

24 inventors, in a conventional flat limiting-current-type 
sensor as shown in FIG. 12C, the area of the negative 
electrode is equal to that of the positive electrode; 
consequently, transmission of ions is controlled by the 

2 8 negative electrode or the positive electrode, whichever is 
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lower in terms of readiness for reaction, with a resultant 
increase in element resistance. The inventors conducted 
experiment on the basis of the assumption and obtained an 
4 appropriate area ratio between the negative electrode and the 
positive electrode • 

SUMMARY OF THE INVENTION 
Accordingly, the present invention provides a sensor 
8 element comprising negative and positive electrodes disposed 
on the same side of a solid electrolyte substrate, wherein 

the area of said negative electrode differs from the 
area of said positive electrode. 
12 Advantageously, this can be used to lower the element 

resistance of the flat limiting-current- type sensor, thus 
improving measurement accuracy or S/N ratio* 

Preferably, the area of the negative electrode and the 
is area of the positive electrode differ by at least twofold, 
thereby lowering the element resistance of a flat limiting- 
current-type sensor and thus improving measurement accuracy. 
Preferably in a sensor for determining a gas 
20 concentration through application of an electric potential of 
0.2 V to l.l V, the ratio between the area of the negative 
electrode and the area of the positive electrode is set 
within a range of 2:1 to 5:1, thereby enabling the element 
24 resistance to be reduced to 94% to 8 6% of that in the case 
where the negative electrode and the positive electrode 
assume the same area. As a result, the measurement accuracy 
of a flat limiting-current-type sensor can be improved. 
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Preferably in a sensor for determining a gas 
concentration through application of an electric potential of 
0.2 V to 1.1 V, the ratio between the area of the negative 
4 electrode and the area of the positive electrode is set 
within a range of 1:2 to 1:5, thereby enabling the element 
resistance to be reduced to 74% to 73% of that in the case 
where the negative electrode and the positive electrode 
8 assume the same area. As a result , the measurement accuracy 
of a flat limiting-current-type sensor can be improved. 

Preferably in a sensor for determining a gas 
concentration through application of an electric potential of 

12 1.1 V to 2.5 V, the ratio between the area of the negative 
electrode and the area of the positive electrode is set 
within a range of 1:2 to 1:5, thereby enabling the element 
resistance to be reduced to 90% to 82% of that in the case 

16 where the negative electrode and the positive electrode 
assume the same area. As a result, the measurement accuracy 
of a flat limiting-current-type sensor can be improved. 

Preferably in a sensor for determining a gas 

20 concentration through application of an electric potential of 
1.1 V to 2.5 V, the ratio between the area of the negative 
electrode and the area of the positive electrode is set 
within a range of 2:1 to 5:1, thereby enabling the element 

24 resistance to be reduced to 81% to 63% of that in the case 
where the negative electrode and the positive electrode 
assume the same area. As a result r the measurement accuracy 
of a flat limiting-current-type sensor can be improved. 
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These and other objects and advantages of the invention 
will be apparent upon reference to the following 
specification, claims and drawings, 
4 BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view of a flat limiting- 
current-type sensor according to a first embodiment of the 
present invention as viewed from the front side of the 
s sensor; 

FIG. 2 shows views of the flat limiting-current-type 
sensor of FIG. 1, wherein FIG. 2A is a sectional view taken 
along line A-A of FIG. 1, and FIG, 2B is a view as viewed in 
12 the direction of arrow D of FIG. 1; 

FIG. 3 is a perspective view of the flat limiting- 
current-type sensor of the first embodiment as viewed from 
the back side of the sensor; 
16 FIG. 4 is a graph showing voltage-current 

characteristics of the flat limiting-current- type sensor of 
the first embodiment; 

FIG. 5 gives tables showing the test results of flat 
20 limiting-current-type sensor samples having different area 
ratios between a negative electrode and a positive electrode, 
wherein FIG. 5A is a table showing element resistance values 
as measured when a voltage of 0.7 V is applied to each of the 
24 samples, and FIG. 5B is a table showing element resistance 
values as measured when a voltage of 1.8 V is applied to each 
of the samples; 

FIG. 6 is a graph depicting data of FIG. 5A; 
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FIG. 7 is a graph depicting data of FIG. 5B; 

FIG. 8 including FIGS. 8A, 8B, 8C, 8D and 8E are views 
showing a process for fabricating a sensor element of the 
4 flat limiting-current-type sensor; 

FIG. 9 including 9A, 9B, 9C and 9D and 9E are views 
showing a process for fabricating a ceramic heater of the 
f lat limiting-current-type sensor ; 
8 FIG. 10 is a perspective view of a flat limiting- 

current-type sensor according to a second embodiment of the 
present invention as viewed from the front side of the 
sensor ; 

12 FIG. 11 shows views of a sensor according to a third 

embodiment of the present invention, wherein FIG. 11A is a 
longitudinal sectional view, FIG. 11B is a plan view of a 
first measurement chamber portion, FIG. 11C is an enlarged 

16 sectional view of a main portion of the first measurement 
chamber, and FIG. 11D is a view of a second measurement 
chamber as projected on a plane; and 

FIG. 12 shows views of conventional sensors, wherein 

20 FIG. 12A is a sectional view of a conventional limiting- 
current-type sensor, FIG. 12B is a sectional view of a 
conventional flat limiting-current-type sensor, and FIG. 12C 
is a side view of the conventional flat limiting-current-type 

24 sensor . 

In the accompanying drawings, the following reference 
numerals denote the items listed below. 

10: flat limiting-current-type sensor 
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20: sensor element 

22: solid electrolyte substrate 

24: solid electrolyte substrate 

4 26: gas outlet hole 

3 2a: positive electrode 

34a: negative electrode 

34c: gas diffusion portion 
8 40: ceramic heater 

PREFERRED EMBODIMENTS 
FIG, 1 shows a flat limiting-current-type sensor 10 of 
the first embodiment serving as an oxygen sensor. FIG. 2 A is 

12 a sectional view of the flat limiting-current- type sensor of 
FIG. 1 taken along line A-A of FIG. 1. FIG. 2B is a side 
view of the flat limiting-current-type sensor of FIG. 1 as 
viewed in the direction of arrow D of FIG. 1 (as viewed from 

16 the front side) . The flat limiting-current-type sensor 10 
includes a sensor element 2 0 for measuring oxygen 
concentration and a ceramic heater 4 0 for heating the sensor 
element to a temperature of 500°C to 600 °C. The sensor 

20 element 2 0 and the ceramic heater 40 are bonded together by 
means of glass. The flat limiting-current-type sensor 10 
measures 0.3 mm (thickness) x 5 mm (width) x 23 mm (height). 

As shown in FIG. 2A, the sensor element 2 0 includes 
solid electrolyte substrates 22 and 24 formed from zirconia, 
5 which exhibits good conductance of oxygen ions; a positive 
electrode 32a formed from porous platinum; a lead portion 
32b (see FIG. 1) for supplying current to the positive 
electrode 3 2a; a connection electrode 34f connected to a 
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platinum wire 36; a negative electrode 3 4a formed from 
porous platinum; a lead portion 34b for supplying current to 
the negative electrode 34a; a connection electrode 32f 
connected to a platinum wire 38; a gas diffusion portion 34c 

5 extending sideward from the lead portion and adapted to 
introduce an ambient gas into the negative electrode 3 4a; 
and a gas outlet hole 2 6 for releasing oxygen from the 
positive electrode 32a to the exterior of the sensor element 
20. The negative electrode 34a and the positive electrode 

o 3 2a assume a thickness of about 20 jiim. 

According to the present embodiment, the gas diffusion 
portion 3 4c formed from porous platinum extends from the 
lead portion 3 4b to the periphery of the sensor element 2 0 
so as to supply a gas containing oxygen to the negative 

5 electrode 3 4a under a diffusion resistance. Instead of 
being formed from porous platinum having porosity for 
diffusion resistance, the gas diffusion portion 3 4c may 
assume the form of a small hole for supplying oxygen to the 
negative electrode 34a. 

o FIG. 3 is a side view of the flat limiting-current-type 

sensor of FIG. 1 as viewed in the direction of arrow B of 
FIG. 1 (as viewed from the back side). In FIG. 3, the 
ceramic heater 4 0 is partially broken. As shown in FIGS. 3 
and 2A, the ceramic heater 4 0 includes an alumina substrate 

s 42 and an alumina substrate 44, both of which have an 
external size identical to that of the sensor element 20. 
The ceramic heater 40 further includes a heater electrode 
(heat-generating portion) 46a having a narrow width and 



assuming a substantially M-shaped form; heater electrodes 
(lead portions) 46b and 4 6c having a wide width; and heater 
connection electrodes 46d and 4 6e connected to platinum 
wires 56 and 58, respectively. All of these elements are 
sandwiched between the alumina substrates 42 and 44. When 
current flows to the thin heater electrode (heat-generating 
portion) 46a via the platinum wires 56 and 58, the heater 
electrode 46a generates heat to thereby heat to a 
temperature of about 550 °C a tip portion of the sensor 
element 2 0 where the negative electrode 34a and the positive 
electrode 32a, which have been described with reference to 
FIG. 1, are disposed. 

The operational principle of the flat limiting-current- 
type sensor 10 with reference to the graph of FIG. 4 showing 
the relationship between an applied voltage and current in 
the sensor element 20. 

The flat limiting-current-type sensor 10 is placed in 
an atmosphere of a certain oxygen concentration. Current is 
supplied to the ceramic heater 40 so as to heat the sensor 
element 2 0 (solid electrolyte substrate 22) to an ion 
conduction temperature (activation temperature: about 500 °C 
to 600°C) . Under the circumstance, when voltage is applied 
between the negative electrode 34a and the positive 
electrode 32a via the platinum wires 36 and 38, oxygen 
molecules introduced via the gas diffusion portion 34c are 
charged at the interface between the negative electrode 3 4a 
and the solid electrolyte substrate 22 and are thus ionized. 
Oxygen ions are taken into and transmitted through the solid 
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electrolyte substrate 22. The thus-transmitted oxygen ions 
are caused to discharge at the interface between the solid 
electrolyte substrate 22 and the positive electrode 32a 7 
thereby returning to oxygen molecules. The thus-formed 
oxygen is discharged through the gas outlet hole 26. In 
other words, oxygen is pumped between the negative electrode 
34a and the positive electrode 32a, so that current flows 
through the sensor element 20. 

When voltage applied to the sensor element 2 0 is 
increased from 0 to VI as represented by curve a of FIG. 4, 
the amount of oxygen pumped from the negative electrode 34a 
to the positive electrode 32a increases. During the pumping 
period, the amount of oxygen taken in via the gas diffusion 
portion 3 4c and the amount of oxygen discharged through the 
gas outlet hole 2 6 are relatively small. As a result, as 
represented by curve a of FIG. 4, the amount of oxygen 
pumped, thus current, increases with the applied voltage. 

When the voltage applied to the sensor element 2 0 is 
increased from VI to V2 , the amount of oxygen introduced via 
the gas diffusion portion 34c of porous platinum is limited 
to a predetermined value (IL1) . Specifically, since the 
amount of oxygen introduced via the gas diffusion portion 
34c is limited, even when the voltage applied to the sensor 
element 2 0 is increased from VI to V2, current flowing 
through the sensor element 20 is maintained at a constant 
value of ILL Curve b corresponds to the case of low oxygen 
concentration in an atmosphere to be measured. In the case 
of low oxygen concentration, current flowing through the 
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sensor element 2 0 assumes a constant value of IL2 lower than 
IL1 . Current c corresponds to the case where an atmosphere 
to be measured has oxygen concentration higher than that in 
the case of curve a. In the case of high oxygen 

5 concentration, current flowing through the sensor element 2 0 
assumes a constant value of IL3 higher than ILL On the 
basis of the differential between these constant values of 
current, oxygen concentration is determined. 

In the case of an element having a high resistance, 
10 even when the voltage is increased from VI to V2, current 
■"; flowing through the element does not become constant as 

; : represented by curves a, b and c, since the amount of oxygen 

introduced via the gas diffusion portion 34c does not reach 
2 an upper limit which the gas diffusion portion 34c 

; - is establishes with respect to the amount of oxygen introduced, 
if: Thus, a diffusion rate as observed at a gas introduction 

portion must be reduced (the size of a single hole must be 
decreased or the porosity of the porous portion must be 
decreased) so as to decrease the upper limit. In FIG. 4, 
20 curves a', b' and c 1 show voltage-current characteristics of 
a flat limiting-current-type sensor which has a high V/I 
value, i.e., a high element resistance and in which the 
amount of diffusion of oxygen is decreased at the gas 
introduction portion. Curve a 1 is obtained through 

25 measurement conducted at oxygen concentration identical to 
that as employed in the case of curve a. Curve b' is 
obtained through measurement conducted at oxygen 
concentration (low concentration) identical to that as 
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employed in the case of curve b. Curve c' is obtained 
through measurement conducted at oxygen concentration (high 
concentration) identical to that as employed in the case of 
curve c. As seen from FIG. 4, the differential between 
constant values of current IL1 1 , IL2 1 and IL3 1 as observed 
with the flat limiting-current-type sensor of a high element 
resistance is smaller than the differential between constant 
values of current IL1, IL2 and IL3 as observed with the 
aforementioned flat limiting-current-type sensor of a low 
element resistance. This indicates that an increase in 
element resistance causes an impairment in measurement 
accuracy. 

As shown in FIGS. 1, 2A, and 2B, in the flat limiting- 
current-type sensor 10 of the first embodiment, the area 
ratio between the negative electrode 34a and the positive 
electrode 32a is set to 2:1. As a result, element 
resistance is reduced, as will be described later, to 74% 
that of the conventional flat limiting-current-type sensor 
which has been described above with reference to FIGS . 12B 
and 12C and in which the negative electrode 13 2 and the 
positive electrode 134 assume the same area. Thus, 
measurement accuracy is improved accordingly. 

In the flat limiting-current-type sensor of the first 
embodiment serving as an oxygen sensor, a voltage of 0.7 V 
is applied between the negative electrode 34a and the 
positive electrode 3 2a. Thus, the area ratio between the 
negative electrode 34a and the positive electrode 32a is set 
to 2:1, thereby reducing element resistance. Element 
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resistance was experimentally measured with respect to 
different area ratios between the negative electrode 34a and 
the positive electrode 3 2a. The test results will be 
described with reference to FIGS. 5A and 6. 
5 The test used the flat limiting-current-type sensor 10 

of the first embodiment, which has been described above with 
reference to FIGS. 1 to 3 . Specifically, while the sum of 
the areas of the negative and positive electrodes 3 4a and 
3 2a, respectively, was held constant, the area of the 

10 negative electrode 3 4a and the area of the positive 
electrode 3 2a were varied for measurement of element 
resistance. Test samples assumed the following area ratios 
of (area of negative electrode 34a) : (area of positive 
electrode 32a): 6:1; 5:1; 4:1; 3:1; 2:1 (flat limiting- 

15 current-type sensor of first embodiment); 1:1 (conventional 
flat limiting-current- type sensor shown in FIG. 12); 1:2 
(flat limiting-current-type sensor of second embodiment, 
which will be described later); 1:3; 1:4; 1:5; and 1:6. 
Each of the test samples was heated to a sensor element 

20 temperature of 600 °C by means of a heater. The test samples 
were placed in a thermostat-hygrostat chamber maintained at 
60 °C and 60%RH. A voltage of 0.7 V and 1.8 V was applied 
between the negative electrode 34a and the positive 
electrode 3 2a with respect to each of the test samples. 

25 During application of the voltage, current flowing through 
each of the test samples was measured. Element resistance 
was calculated from the measured current value. 
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A voltage of 0,7 V was selected to represent an 
electric potential which ranges from 0.2 V to 0.8 V and 
which is applied to a flat limiting-current-type sensor 
serving as an oxygen sensor. Notably, a voltage of 0 . 7 V is 
considered as a representative for an electric potential 
ranging from 0.2 V to 1.1 V. A voltage of 1.8 V was 
selected to represent an electric potential which ranges 
from 1.1 V to 2.5 V and which is applied to a flat limiting- 
current-type sensor serving as a humidity sensor. 

FIG . 5A shows current values as measured when a voltage 
of 0.7 V is applied to the above test samples and element 
resistance values calculated from the measured current 
values. FIG. 6 is a graph depicting the measurements of 
FIG. 5A. 

When the ratio between the area of the negative 
electrode and the area of the positive electrode is set 
within a range of 2:1 to 5:1, element resistance assumes a 
value of 8.18 kQ to 7.52 kQ, which is 94% to 86% that in the 
case where the negative electrode and the positive electrode 
assume the same area (1:1; element resistance 8.70 kQ) . 
When the ratio between the area of the negative electrode 
and the area of the positive electrode is set within a range 
of 1:2 to 1:5, element resistance assumes a value of 6.40 kQ 
to 6.31 kQ, which is 74% to 73% that (8.70 kQ) in the case 
where the negative electrode and the positive electrode 
assume the same area. Thus, when the flat limiting-current- 
type sensor is used as an oxygen sensor, i.e., when a 
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voltage of 0.7 V is applied thereto, through employment of a 
ratio of 1:2 to 1:5 between the area of the negative 
electrode and the area of the positive electrode, element 
resistance can be significantly reduced. Particularly, at a 
ratio of 1:3 to 1:4, element resistance assumes a minimum 
value of 5.8 3 kQ to 5.3 8 kQ. 

Before the above experiment was conducted, the present 
inventors had foreseen that element resistance would be 
reduced by making the area of the negative electrode 3 4a 
greater or smaller than that of the positive electrode 32a. 
However, as seen from the above test results, element 
resistance can be reduced in either case of making the area 
of the negative electrode 34a greater or smaller than that 
of the positive electrode 32a. A conceivable reason is that 
pumping of oxygen between the positive electrode 32a and the 
negative electrode 34a is controlled by a plurality of 
parameters, not by a single parameter. As seen from the 
above test results, element resistance can be reduced by 
making the size of the negative electrode 3 4a differ from 
that of the positive electrode 32a. Particularly, when the 
flat limit ing-current-type sensor is used as, e.g., an 
oxygen sensor, wherein a relatively low voltage of about 
0.7 V is applied thereto, element resistance can be 
significantly reduced by making the size of the positive 
electrode 3 2a greater than that of the negative electrode 
34a. 

FIG. 5B shows current values as measured when a voltage 
of 1.8 V is applied to the above test samples and element 
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resistance values calculated from the measured current 
values. FIG. 7 is a graph depicting the measurements of 
FIG. 5B. 

When the ratio between the area of the negative 
electrode and the area of the positive electrode is set 
within a range of 2:1 to 5:1, element resistance assumes a 
value of 5.70 kQ to 4.46 kQ, which is 81% to 63% that in the 
case where the negative electrode and the positive electrode 
assume the same area (1:1; element resistance 7.03 kQ) . 
When the ratio between the area of the negative electrode 
and the area of the positive electrode is set within a range 
of 1:2 to 1:5, element resistance assumes a value of 6.34 kQ 
to 5.76 kQ, which is 90% to 82% that in the case where the 
negative electrode and the positive electrode assume the 
same area. Thus, when the flat limit ing-current-type sensor 
is used as, e.g., a humidity sensor, wherein a voltage of 
1.8 V is applied thereto, through employment of a ratio of 
2:1 to 5:1 between the area of the negative electrode and 
the area of the positive electrode, element resistance can 
be significantly reduced. Particularly, at a ratio of 3:1 
to 4:1, element resistance assumes a minimum value of 
3.90 kQ to 3.86 kQ. Notably, a characteristic as observed 
when a voltage of 1.8 V is applied is reverse to that as 
observed when a voltage of 0.7 V is applied, which has been 
described above with reference to FIGS. 5A and FIG. 6. 

Next, a method for fabricating the flat limiting- 
current-type sensor of the first embodiment will be 
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described. First, a process for fabricating the sensor 
element 20 will be described with reference to FIG. 8. 

First, a solid electrolyte green sheet 2 2a (FIG. 8A) 
for forming the solid electrolyte substrate 22 and a solid 
5 electrolyte green sheet 24a (FIG, 8B) for forming the solid 

electrolyte substrate 24 are formed from a material which 
contains zirconium oxide as a main component and yttrium 
oxide added. A through-hole 2 6 is formed in the solid 
electrolyte green sheet 24a. The through-hole 2 6 will 
10 become the gas outlet hole 2 6 through exposure to firing. 

Next, as shown in FIG. 8C, platinum pastes 34a and 32a 
are applied to the surface of the solid electrolyte green 
sheet 22a by printing. The applied platinum pastes 34a and 
32a will become the negative electrode 34a and the positive 

15 electrode 32a, respectively, through exposure to firing. 
Subsequently, as shown in FIG. 8D, the platinum wires 3 6 and 
38 are placed at an end portion of the solid electrolyte 
green sheet 22; more specifically, at the portions of the 
platinum pastes 34a and 32a which will become the connection 

20 electrodes 3 4f and 32f through exposure to firing. 

Subsequently, the solid electrolyte green sheet 24a of 
FIG. 8B is superposed on the solid electrolyte green 
sheet 2 2a of FIG. 8D (see FIG. 8E) . The superposed solid 

electrolyte green sheets 22a and 24a are integrally fired at 

25 a temperature of 1500 °C, thereby yielding the sensor 
element 20. 
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Next, a method for fabricating the ceramic heater 40 
will be described with reference to FIG. 9. 

Alumina green sheets 42a and 44a are formed from a 
material which contains alumina powder as a main component 
5 (see FIGS. 9A and 9B) . The alumina green sheets 42a and 44a 

will become the alumina substrates 42 and 44 through 
exposure to firing. Next, as shown in FIG. 9C, platinum 
paste 46a is applied to the surface of the alumina green 

sheet 42a by printing. The applied platinum paste 46a will 

10 become the heater electrodes 4 6a, 4 6b and 4 6c through 
exposure to firing. Subsequently, the platinum wires 56 and 
58 are placed at an end portion of the alumina green sheet 
42a; more specifically, at the portions of the platinum 
paste 4 6a which will become the heater connection electrodes 

is 4 6e and 46f through exposure to firing. 

Subsequently, the alumina green sheet 44a of FIG. 9B is 
superposed on the alumina green sheet 42a of FIG. 9D (see 
FIG. 9E) . The superposed alumina green sheets 42a and 44a 
are integrally fired at a temperature of 1500 °C, thereby 

20 yielding the ceramic heater 40. 

Finally, sealing glass is applied between the above- 
fabricated sensor element 2 0 and ceramic heater 40. The 
resulting assembly is heated at a temperature of about 800 °C 
so as to bond the sensor element 20 and the ceramic heater 

2 5 4 0 together, thus yielding the flat limiting-current-type 
sensor 10. 
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A flat limiting-cur rent- type sensor 10 according to a 
second embodiment of the present invention will next be 
described with reference to FIG, 10. 

The flat limiting-current-type sensor of the second 
5 embodiment is configured in a manner similar to that of the 
flat limiting-current-type sensor of the first embodiment. 
However, the flat limiting-current-type sensor of the first 
embodiment is configured such that the area ratio between 
the negative electrode 34a and the positive electrode 32a is 
10 set to 1:2, since a voltage of 0.7 V is applied thereto for 
'X measurement of oxygen concentration. By contrast, the flat 

'~; " limiting-current-type sensor of the second embodiment is 

configured such that the area ratio between the negative 
electrode 34a and the positive electrode 32a is set to 2:1, 
;;_i5 since a voltage of 1.8 V is applied thereto for use as a 
vl humidity sensor. As described above with reference to 

£!I FIG. 5B, element resistance can be reduced to 81% that of 

the conventional flat limiting-current-type sensor of 
FIG. 12B in which the negative electrode and the positive 
20 electrode assume the same area, thereby improving 
measurement accuracy. 

A sensor according to a third embodiment of the present 
invention will next be described with reference to FIG. 11. 
The flat limiting-current-type sensors of the first and 
2 5 second embodiments are adapted to determine oxygen 
concentration or humidity, whereas the sensor of the third 
embodiment is adapted to determine the concentration of an 
oxygen-containing component of a measurement gas, for 
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example, NOx concentration. FIG. 11A is a longitudinal 
sectional view of the sensor wherein a pair of negative and 
positive electrodes (68a and 68b) are formed different in 
area and in coplanar configuration on an oxygen ion 
conductive solid electrolyte substrate according to the 
third embodiment; FIG. 11B is a plan view of a first 
measurement chamber portion; FIG. 11C is an enlarged 
sectional view of a main portion of the first measurement 
chamber; and FIG. 11D is a view of a second measurement 
chamber as projected on a plane. 

The sensor includes a first oxygen ion pump cell 66, an 
oxygen-concentration-measuring cell 67, and a second oxygen 
ion pump cell 68, which are sequentially arranged in layers. 
The first oxygen ion pump cell 66 includes a solid 
electrolyte layer and electrodes 66a (positive electrode) 
and 66b (negative electrode) provided on opposite sides of 
the solid electrolyte layer. The oxygen-concentration- 
measuring cell 67 includes a solid electrolyte layer and 
oxygen partial-pressure detection electrodes 67a and 67b 
provided on opposite sides of the solid electrolyte layer. 
The second oxygen ion pump cell 68 includes an oxygen ion 
conductive solid electrolyte layer and oxygen ion pump 
electrodes 68a and 68b provided on the same side of the 
solid electrolyte layer such that the oxygen ion pump 
electrode 68a is exposed to a second measurement chamber 64 
and such that the oxygen ion pump electrode 68b is covered 
with an insulation layer 71-3. As shown in FIG. 11A, a 
first measurement chamber 62 is defined by the upper solid 



electrolyte layer of the first oxygen ion pump cell 66, the 
lower solid electrolyte layer of the oxygen-concentration- 
measuring cell 67, and lateral insulation layers. The 
second measurement chamber 64 is defined above the second 
oxygen ion pump cell 68 in a manner similar to that of the 
first measurement chamber 62. Further, first diffusion 
holes 61 and a second diffusion hole 63 are located apart 
from each other so as to serve as serial passageways for 
transmission of measurement gas from outside the sensor 
toward the electrode 68a via diffusion resistance of the 
passageways. The second diffusion hole 63 extends through 
the oxygen-concentration-measuring cell 67 and the solid 
electrolyte layer to thereby establish communication between 
the first and second measurement chambers 62 and 64. The 
second diffusion hole 63 is adapted to send gas which 
contains at least NOx and 0 2 , from the first measurement 
chamber 62 to the second measurement chamber 64 via the 
diffusion resistance. 

An insulation layer of alumina is provided between the 
adjacent solid electrolyte layers. A heater layer is bonded 
to the sensor. Electrodes are connected to external 

devices, such as a power source, via leads formed between 
the adjacent layers. For example, referring to FIG. 11D, 
the electrodes 68a and 68b of the second oxygen ion pump 
cell 68 are electrically connected to leads 68c and 68d, 
respectively . 

In this configuration shown in FIG. 11D, the oxygen ion 
pump electrodes 68a and 68b differ in area at least twofold. 
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Accordingly , as in the case of the flat limiting-current- 
type sensors of the first and second embodiments, the 
element resistance of the second oxygen ion pump cell 68 
that has negative and positive electrodes 68a , 68b in 
5 coplanar configuration is reduced. As a result , measurement 
accuracy in measuring a low current that flows between the 
electrodes 68a and 68b of the second cell 68 , the current 
corresponding to an amount of oxygen dissociated from, e.g. , 
NOx and pumped out as in the direction shown in a dotted 

10 arrow in Fig. 11D from the second cell 68 , and thereby in 
determining the amount of NOx in the measurement gas based 
on the current, is improved. 

A process for measuring the NOx concentration of a 
measurement gas, e.g., exhaust gas by referring to the NOx 

15 gas sensor as shown in FIG. 11, i.e., FIGS. 11A, 11B, 11C 
and 11D will next be described. 

(a) Exhaust gas enters the first measurement 

chamber 62 through the first diffusion hole 61 having a gas 
diffusion resistance . 

20 (b) The first oxygen ion pump cell 66 pumps out oxygen 

from the exhaust gas introduced into the first measurement 
chamber 62 until a portion of NOx decomposes (2NO -> N 2 +0 2 ) . 

At this time, the first oxygen ion pump cell 66 is driven on 
the basis of signals output from the oxygen partial-pressure 
25 detection electrodes 67a and 67b so as to control the 
partial pressure of oxygen to a low level in the vicinity of 
the inlet of the second diffusion hole 63 . 
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(c) A mixture of concentration-controlled 0 2 gas and 
NOx gas diffuses from the first measurement chamber 62 to 
the second measurement chamber 64 through the second 
diffusion hole 63 having a gas diffusion resistance, 
5 (d) The catalytic activity of the negative electrode 

68a of the second pump cell 68 causes NOx gas contained in 
the second measurement chamber 64 to decompose into N 2 and 
0 2 . The oxygen dissociated in the second chamber is pumped 
out through the second oxygen ion pump cell 68 since the 

10 second cell 68 is so formed to pump out oxygen under the 
voltage (V p2 ) of about 0.15 - 1.1 volts applied across the 
second oxygen ion conductive cell electrodes 68a and 68b. 
At this time, since a pump current I p2 flowing across the 
electrodes 68 a, 68b is linearly interrelated with NOx 

15 concentration of the measurement gas, the NOx concentration 
can be determined by measuring I p2 

In such a sensor for the measurement of, e.g., a low 
NOx concentration of the gas, wherein voltage V p2 applied to 
the second oxygen ion pump cell 68 is lower than 500 mV, 

20 the amount of oxygen decomposed from NOx decreases with a 
resultant decrease in pump current I p2 . As a result, the 
accuracy in determining the NOx concentration tends to be 
impaired. When V p2 is in excess of 500 mV, H 2 0 dissociation 
accelerates on the electrode 68a of the second oxygen ion 

25 pump cell 68. This is because 0 2 generated through the 
dissociation of H 2 0 causes pump current I p2 to increase. As 
a result, the accuracy in determining NOx concentration 
tends to be impaired. Accordingly, voltage V p2 applied to 
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the second oxygen is preferably less than 500 mV, more 
preferably 200 to 480 mV, particularly preferably about 300 
to about 450 mV in the case of NOx measurement of a gas 
containing oxygen and aqueous vapor. The present invention 
5 regarding the electrode area ratio of the negative electrode 
to positive electrode or the area ratio of the positive 
electrode to the negative electrode works especially good 
when the current across the electrodes is below 100 
microamperes, or less than 10 microamperes, or even less 

10 than 1 microampere. 

A better measurement accuracy is obtained when the 
area of the positive electrode is larger than that of the 
negative electrode in those cases of sensing dissociated 
oxygen by a low applied voltage below 1.1 volts when the 

is measurement current is low as such. In sensing humidity in 
which a voltage of more than 1.1 volts is applied, better 
measurement accuracy is obtained when the negative electrode 
area is larger than the positive electrode. 

It can be particularly effective, with embodiments of 

20 the invention, if the voltage applied between the positive 
and negative electrodes which are in a coplanar 
configuration is less than 0.5 V and the current between the 
electrodes is small, such as 10 microamperes. This improves 
the signal to noise ratio (S/N ratio) of the measurement 

25 signal, enabling greater accuracy to be achieved. For 
determining amounts of the order of parts per million (ppm) 
of a gas such as NOx, C0 2 and HC, the current is preferably 
1 microampere or less. Embodiments of the present invention 
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can achieve high accuracy under these conditions because of 
the lowering of the internal resistance of the electrolyte 
cell sensor. 

An applicable solid electrolyte is, for example, a 
5 solid solution of zirconia and yttria or a solid solution of 
zirconia and calcia. Porous electrodes which are formed on 
opposite sides of a thin solid electrolyte layer by, for 
example, screen printing and sintering are preferably formed 
from platinum, rhodium, or an alloy thereof, such as a 
10 platinum alloy or a rhodium alloy. The first and second 
diffusion hole portions (gas diffusion means or gas 
diffusion passageways) are preferably formed from porous 
ceramic, such as porous alumina ceramic. A heater is 
preferably configured such that a heat-generating portion is 
15 formed from a composite material of ceramic and platinum or 
a platinum alloy and such that a lead portion is formed from 
platinum or a platinum alloy and the heater is provided on 
the sensor composed of the oxygen ion conductive solid 
electrolyte cells. 
20 The configuration of the coplanar electrodes according 

to the invention as explained with the NOx sensor of the 
third embodiment may be applicable to a CO gas sensor and an 
HC gas sensor, etc., in which the negative and positive 
electrodes are provided on a coplanar same side of the solid 
25 electrolyte substrate including an oxygen ion conductive 
electrolyte . 

The above embodiments are described while mentioning 
application of the configuration of the present invention to 
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an oxygen sensor and an NOx sensor. However, the 

configuration of the present invention is not limited to 
such an application, but may be applied to other gas 
sensors, such as H 2 0 sensors, C0 2 sensors, SOx sensors and HC 
5 sensors. 

As described above, according to the present invention, 
the negative electrode and the positive electrode differ in 
area, thereby reducing element resistance therebetween and 
thus improving measurement accuracy for a given device. The 

10 invention enables a flat limiting-current-type sensor 
smaller in size than a conventional one to achieve a given 
measurement accuracy, thereby achieving a reduction in a 
flat sensor size and thus also decreasing the power 
consumption of a heater attached thereto. 

15 While the invention has been described in detail and 

with reference to specific embodiments thereof, it will be 
apparent to one skilled in the art that various changes and 
modifications can be made therein without departing from the 
spirit and scope thereof. 
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WHAT IS CLAIMED IS: 



1. A sensor element comprising negative and positive 
electrodes disposed on the same side of a solid electrolyte 
substrate , wherein 

the area of said negative electrode differs from the 
5 area of said positive electrode, 

2. The sensor element according to Claim 1, wherein 
the area of said negative electrode and the area of said 
positive electrode differ by at least twofold. 

3. The sensor element according to Claim 1, wherein 
the ratio of the area of said negative electrode to the 

area of said positive electrode is in the range of from 2:1 
to 5:1. 

4. The sensor element according to Claim 1, wherein 
the ratio of the area of said negative electrode to the 

area of said positive electrode is in the range of from 1 : 2 
to 1:5. 

5. The sensor element according to Claim 1, further 
comprising a circuit for applying an electric potential 
between said negative electrode and said positive electrode 
so as to determine a gas concentration. 

6. The sensor element according to Claim 5, wherein 
said electric potential is in the range of 0.2 V to 1.1 V. 

7. The sensor element according to Claim 5, wherein 
said electric potential is in the range of 1.1 V to 2.5 V. 

8. The sensor element according to Claim 1, wherein 
said solid electrolyte substrate is formed from zirconia. 
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9. The sensor element according to Claim 1, wherein 
at least one of said negative electrode and said positive 
electrode is embedded in said solid electrolyte substrate. 

10. The sensor element according to Claim 1, wherein 
said negative electrode and said positive electrode are 
formed from porous platinum. 

11. A flat current- limiting sensor comprising a 
sensor element according to Claim 1. 

12 . A sensor for determining the concentration of an 
oxygen-containing component of a gas to be measured, 
comprising: 

a ceramic body capable of electrically controlling the 
5 rate of oxygen ion conduction; 

a first measurement chamber which faces said ceramic 
body and into which a gas to be measured which contains an 
oxygen-containing component enters ; 

a second measurement chamber communicating with said 
10 first measurement chamber; and 

an oxygen ion pump cell comprising a solid electrolyte 
substrate and a pair of electrodes, which are disposed on the 
same side of the solid electrolyte substrate such that one of 
the electrodes faces said second measurement chamber and 
is which electrodes differ in area. 

13 . The sensor for determining the concentration of 
an oxygen-containing component according to Claim 12 , wherein 
the pair of electrodes differ in area by at least twofold. 
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14. A sensor for detecting an amount of gas, 
comprising 

an oxygen-ion conductive solid electrolyte substrate 
having a flat side; 
5 a negative electrode and a positive electrode formed on 

the same flat side of the substrate so as to pump oxygen from 
the negative electrode to the positive electrode; and 

a gas diffusion limiting means for limiting the gas 
diffusing into the negative electrode; 
10 wherein the ratio of the area of said negative 

electrode to the area of said positive electrode is set 
within a range of 2:1 to 5:1. 

15. A sensor for detecting an amount of gas, 
comprising 

an oxygen-ion conductive solid electrolyte substrate 
having a flat side; 
5 a negative electrode and a positive electrode formed on 

the same flat side of the substrate so as to pump oxygen 
from the negative electrode to the positive electrode; and 

a gas diffusion limiting means for limiting the gas 
diffusing into the negative electrode; 
io wherein the ratio of the area of said negative 

electrode to the area of said positive electrode is set 
within a range of 1:2 to 1:5. 
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ABSTRACT OF THE DISCLOSURE 
A flat limiting-current sensor 10 includes a solid 
electrolyte substrate 22, a negative electrode 34a and a 
5 positive electrode 3 2a. The negative and positive 

electrodes 34a and 32a, respectively, are disposed on the 
same side of the solid electrolyte substrate 22. A voltage 
of 0.8 V is applied between the negative electrode 34a and 
the positive electrode 32a in order to determine oxygen 
10 concentration. The ratio between the area of the negative 
electrode 34a and the area of the positive electrode 32a is 
set to 1:2, thereby reducing element resistance to 74% that 
of the case where the negative electrode and the positive 
electrode assume the same area. Thus, the measurement 
is accuracy of the flat limiting-current sensor 10 is improved. 
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